Abstract-In this work we give an overview about recent developments in the integration technology of CNTs. We focus on wafer level approaches with the CVD and DEP method for growing as well as depositing CNTs in a defined way. So that we present methods to manipulate CNT growth structure, growth mode as well as growth inhibition in thermal CVD processes. This is highlighted by a unique growth structure opening new possibilities for CNT integration. Likewise, we show recent developments in scaling up the DEP method on wafer level. We round it up with the fabrication of CNT vias and MEMS structures containing CNT sensor elements.
INTRODUCTION
Carbon nanotubes (CNTs) are a well known material in nanotechnology. Besides the unique dimensions they attract attention due their outstanding mechanical, electrical, and thermal properties. For those reasons a variety of new applications are proposed. So that, for the replacement of metal interconnects in future ultra-large integrated circuits, CNTs are seen as a promising material since they can withstand the occurring extreme current densities and thermal load [1] . CNTs are considered for transistors and a variety of sensor applications, too. Especially semiconducting nanotubes are ideal for high frequency transistor devices due to high linearity, high electron mobility and high current carrying capacity [2] . Moreover, this type of nanotubes shows a high sensitivity to external strain, thermal load, illumination, and chemical environment, which explains the huge interest of integrating those in various sensors [3] . Scalable methods which can be utilized for direct integration of CNTs are for instance coating techniques like printing or spincoating, dielectrophoresis (DEP) as well as chemical vapour deposition (CVD). Since many of the envisaged applications require selective deposition and alignment of CNTs, DEP and CVD are seen as the most beneficial methods. However, integration of CNTs remains an issue from several viewpoints. Considering the CVD method, a thin catalyst layer is required which is ideally active only at desired sites. Common methods like patterning of the catalyst layer [4] , buried layer approaches [5] , and site-selective deactivation of catalyst sites with additional treatments [6] are difficult to handle since the sensitive catalyst layer is exposed to critical treatments like oxidation, chemical treatments, and resist removal. Those facts lead to contaminations, reproducibility issues and complicated process flows that hamper technology transfer to the industry. Moreover, the CNT/metal contact and the high growth temperature are hurdles need to be overcome for many applications that require especially vertically aligned CNTs. On the other hand, the DEP method is beneficial when highly defined and preselected CNTs have to be assembled horizontally at low temperatures. However, although the DEP method has been widely used in experiments [7] , the scaling of this method form the drop to the wafer level is overdue. In this work we give an overview about our recent developments in the integration technology of CNTs. We focus on wafer level approaches with the CVD and DEP method for growing as well as depositing CNTs in a defined way. So that we present methods to manipulate CNT growth structure, growth mode as well as growth inhibition in thermal CVD processes. This is highlighted by a unique growth structure opening new possibilities for CNT integration. Likewise, we show recent developments in scaling up the DEP method on wafer level. We round it up with the fabrication of CNT vias and MEMS structures containing CNT sensor elements.
II. EXPERIMENTAL
For the demonstration of the effect of different support/catalyst systems in thermal CVD processes four different sample configurations were used. Those are SiO 2 /Ni, Ta/Ni, SiO 2 /Cr/Ni, and W/Ni. It is important to mention that in the present work the combination of layers directly involved in catalyst formation and CNT growth are called support/catalyst system. The substrate material for all samples was p-type silicon with (100) crystal orientation. To prevent catalyst diffusion or silicide formation, the silicon wafers (4 inch) were covered with a thermal oxide of 100 nm thickness. The metal layers Ta, Cr, W, and Ni were prepared by sputter deposition and electron beam evaporation using 99.99 % pure material. The deposition of support metals (Ta, W, Cr) and the catalyst (Ni) were performed in two different equipments, which means that native oxides on interfaces and surfaces have to be assumed. The deposition of Ni was controlled by a crystal oscillator balance. CNT growth experiments were performed in a self made thermal CVD reactor with a showerhead configuration suitable for coating of samples up to 4 inch in diameter. For the process N 2 (purity 99.9999 %), H 2 (purity 99.9999 %), and C 2 H 4 (purity 99.9995 %) were used as carrier gas, supporting gas, and carbon precursor gas, respectively. Each gas was controlled using a mass flow controller (MFC) unit. The pressure was regulated in the range of 20 to 70 kPa. The sample temperature was varied in the range of 560 to 620 °C. In a pretreatment phase the samples were heated to the growth temperature at a pressure of 70 kPa in a N 2 :H 2 (5:1) atmosphere in order to reduce surface oxides and to initiate structural reorganization of the metal layers, for example for the formation of catalyst nanoparticles serving as CNT seeds. After 10 min temperature relaxation the growth phase followed with the introduction of additional C 2 H 4 (N 2 :H 2 :C 2 H 4 = 20:4:1) at 20 kPa.
For the fabrication of CNTs vias a 4 inch wafer was processed applying conventional semiconductor processes. The conductive bottom layer was sputter deposited without vacuum break. To achieve 5 μm holes the interlayer dielectric was structured using lithography and a two-step etching scheme. After an initial dry etch step the last 50 nm SiO 2 are removed by wet chemistry to avoid damage to the substrate. Finally the Ni catalyst is deposited into the holes using electron beam evaporation and CNTs were grown using the receipt described in the previous section. In the next step the CNTs were embedded in silicon oxide by sub atmospheric thermal CVD using tetraethylorthosilicate (TEOS) as precursor and a subsequent chemical mechanical planarization (CMP) was performed. The top contact based on Ta and Cu was sputter deposited and structured to allow electrical evaluation. Finally, the wafer was annealed for 30 min at 400 °C in forming gas. The electrical measurements were carried out using a two-terminal setup. Thereby two CNT vias of 5 μm in diameter were series connected.
For the experiments using the dielectrophoresis method ptype silicon wafers (6 inch) were covered with 1000 nm thermally grown SiO 2 . W and Pd electrodes were prepared by sputtering and electron beam evaporation. Structuring was performed by lithography and etching. Typical electrode gaps were in the range of 1 to 5 μm. For SWCNT dispersions, CoMoCat SWCNTs produced by the cobalt-molybdenum catalyst (CoMoCat) method (Southwest Nanotechnologies), were dispersed in DI-water containing 1 w/v% of DOC (Sigma-Aldrich) using a tip sonicator (HD 3210, Bandelin GmbH). After that, the solutions were centrifuged for 2 h using an angle rotor under a centrifugal force of 50,000 g (Sigma 3-30K). Finally, the supernatant (upper 60% of the volume) in the centrifugal tubes were collected. Dielectrophoresis experiments were performed with special equipment which contains removable microfluidic channels to supply dispersions to electrode sites. The set up is arranged in this way that dispersions can be precisely dosed to enable defined and stable deposition conditions. Furthermore this set up can be used to deposit and align CNTs on wafers at predefined sites.
For structural studies presented here a Zeiss Supra 60 scanning electron microscope (SEM) equipped with a Bruker energy-dispersive X-ray (EDX) spectrometer, a Philips CM20FEG 200 keV transmission electron microscope (TEM) were used.
III. RESULTS

CNT growth control
The integration of CNTs as via interconnects in future ULSI circuits or in sensor, which make use of the large surface of CNT forests, require in general vertically aligned CNTs. The preferred method therefore is the CVD method since it is scalable and allows patterned growth of CNTs at defined sites. However, controlling CNT properties and CNT film structure as well high growth temperature remain problematic. In the following we give a contribution with demonstrating that CNT growth and their growth mode can be easily controlled by the support/catalyst combination, only. Moreover, we present a novel CNT structure that enables improved and extended integration capabilities of vertical CNTs. This opens a way to transfer pristine vertically aligned CNTs to other substrates at low temperatures.
Different support/catalyst combinations were exposed to the thermal CVD process and were characterized with methods like SEM, RAMAN, TEM, EDX, and AFM. Fig. 1a-d summarizes the obtained results with the SEM cross section of different sample after CVD experiments. In addition, the schematic of the film structure which was deduced from extended structural and compositional studies is shown below the respective SEM pictures. The sample configuration SiO 2 /Ni, which served as a reference sample, yields undirected growth of multi-walled CNTs (MWCNTs) with moderate quality (Fig. 1a) . TEM cross section analysis of the sample after pretreatment revealed the formation of catalyst nanoparticles with a high contact angle to the support. This confirms a weak support/catalyst interaction. It explains the appearance of tip grown CNTs in TEM studies since the catalyst can be easily detached. As shown in the schematic, the weak interaction results in a mixed growth mode and undirected growth of CNTs.
When switching to the support/catalyst system Ta/Ni, the CNT film structure changes completely although process conditions are maintained. In this sample configuration, TEM cross section analysis revealed a wetting of catalyst nanoparticles which indicates a strong interaction between the catalyst and the support. These conditions yield strong vertical alignment of MWCNTs (Fig. 1b) . The strong interaction can be explained with surface and interface reactions as well as interface energies explained in detail elsewhere [8] . Briefly, it is supposed that catalytically active Ni dissociates H 2 available in the pretreatment phase. Through surface reactions at Ni sites, atomic H becomes available, which can enable local reduction of interface oxides. The new surface and interface conditions promote adhesion of catalyst nanoparticles. The interaction is so strong that the catalyst remains at the bottom during growth of CNTs as found from TEM studies of CNTs. Furthermore, the catalyst active sites are restricted to the catalyst edge giving a symmetric and defined site where C precursor is dissociated. Those circumstances explain the distinct vertical alignment of CNTs during growth and the prevalent root growth mode.
By contrast, CNT growth can be also completely inhibited in thermal CVD processes when using tungsten as a support for nickel. This is demonstrated in Fig. 1c on a sample having sites with Ta/Ni and W/Ni. Thereby, Ni was homogeneously deposited on the prepatterned sample without any further structuring. While at Ta/Ni sites CNT growth was observed, at W/Ni sites CNT formation was completely suppressed. This fact is due to a strong support/catalyst interaction, which suppresses catalyst seed formation as schematically depicted in Fig. 1c . The strong interaction arises after extended reduction of surface and interface oxides promoted by the catalytic release of atomic hydrogen at Ni sites. In comparison to Ta, the oxides of W are easily reducible at temperatures relevant here. The high surface energy of the W surface is compensated by a strong adhesion and wetting of the Ni layer, which prevents nanoparticle formation. Thus an important prerequisite for CNT growth is not given. The deactivation of catalyst activity can be exploited for site-selective CVD as already demonstrated in Fig. 1c . The advantage of this approach is that exposure of the sensitive catalyst to ambient conditions or any treatment is redundant making the integration of CNTs by CVD more controllable and reproducible. The application of the site-selective CVD approach is going to presented with the fabrication of CNT via interconnects on the wafer level.
If we change the sample configuration to Si/SiO 2 /Cr/Ni, a completely different film structure and growth mode can be obtained. In this case the Cr layer and the Ni layer represent a bi-metallic catalyst layer. Exposed to a thermal CVD process a novel nanostructure was formed by the growth of carbon nanotubes (Fig. 1d) . Vertical CNT growth is obtained between the substrate and the bi-metallic catalyst layer, pushing the bimetallic catalyst layer as a thin and continuous membrane away from the substrate as growth occurred. The unique CNT film structure was defined as interlayer CNTs (ICNTs). The self-assembled CNT-catalyst heterostucture has a surface that is remarkably smooth with a metallic shine. The surface roughness was estimated from AFM measurements with rms = 2.9 nm obtained from a 1000 x 1000 nm² area. The CNTs are of high quality and have a distinct vertical alignment. The underlying mechanisms for the formation of an ICNT film can be subdivided into several steps. First, in the pretreatment phase, the Cr and Ni layers transform into a nanostructured layer where both metal components are arranged adjacently in a single layer. Second, when exposed to the carbon precursor, carbon is released mainly on the top side of the catalyst which suggests the formation of a C concentration gradient. Than the catalyst gets saturated and first sp 2 -hybridised carbon structures begin to form. Thereby, Ni was identified as the main catalyst serving as a seed for CNT growth in a later step. In the third step, initial carbon structures can segregate at the interface between SiO 2 and Ni. With continuous carbon supply, CNTs grow with lifting up the Cr/Ni layer. Hence, this sample configuration allows a unique growth of vertically aligned CNTs in a distinct tip growth mode whereby the upper side of the CNT film is interlinked with a metallic layer.
Advantageous of the interlayer CNT structure are improved ability to integrate the CNTs in various applications since the height can be precisely controlled by the CVD parameters. Furthermore, the CNT forest upper site is interlinked with a metallic layer, which not only protects underlying CNTs but also provides a well formed interface for further electrical, thermal, and mechanical contacting. Equally, growth of interlayer CNTs on SiO 2 During via preparation two of the support/catalyst systems described earlier were deployed. Ta/Ni was used to achieve the growth of vertical aligned CNTs within the Via holes, while outside of the vias the W/Ni system was used to inhibit the growth of CNTs there. Fig. 2 presents the cross section of a CNT via after the site-selective growth of CNTs and after embedding as well as top top metallization. The electrical characterisation showed that CNT vias are exhibiting ohmic behaviour. The cumulative frequency plot is presented in Figure 3 . Even though the measured via resistance is still high the integration of CNTs in vias and a subsequent electrical characterisation was demonstrated on wafer level using conventional semiconductor processing. We found the the CNT metal contact interface to predominantely determine the overall resistance. Optimization of the contacts as well as the preparation of smaller via structures is on the way to improve the CNT via performance. 
Dielectrophoretic deposition of CNTs
With the dielectrophoresis method another method is given allowing the deposition of various nanomaterials. Especially for the integration of CNTs in the horizontal assembly, dielectrophoresis turned out to be a well suited method since it allows the usage of preselected CNT material and processing at room temperature. Nevertheless, although the DEP method is widely used, a DEP based assembly technology compatible with industrial requirements is still lacking. Here we developed a special set up which allows aligned deposition of different types of CNTs under defined conditions on wafer scale. We obtained aligned assembly of single-walled CNTs between electrodes distributed on wafers as large as 6 inch in diameter. Exemplarily this is shown in Fig. 4 with the assembly of small bundles of SWCNTs between metallic electrodes. We present reliability of the method with structural and electrical characterization of CNT structures. Moreover, we applied the DEP method for the integration of CNTs in movement sensors. We demonstrate first steps in the integration of SWCNTs into a micro electro mechanical system (MEMS) used for the characterization of the piezoresistive properties of SWCNTs. 
IV. CONCLUSION
To conclude, we have presented basic technological methods for the integration of CNTs in different applications with wafer level approaches. On the one hand, we showed that in thermal CVD processes growth of MWCNTs can be easily controlled by the support/catalyst system, only. In this way CNT growth can be adapted to the specific needs of the application. Thus the support/catalyst system determines about entangled and vertically aligned growth as well as growth inhibition. Likewise it was shown that growth mode can be precisely adjusted. An innovation is a unique CNT film structure obtained with a bi-metallic catalyst system, which provides extended integration capabilities since the CNT forest is covered with an interlinked and protecting metallic layer. On the other hand, a complementary method for CNT integration, the dielectrophoresis method, was applied for the horizontal assembly of SWCNTs. With equipment and process developments we have demonstrated the scaling up to wafer level.
